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ABSTRACT Certain intercalating aromatic cations, such
as the fluorochrome acridine orange or the antitumor drug
Mitoxantrone, induce condensation of nucleic acids in solu-
tions. The appearance of the condensed form during titration
of nucleic acids with these intercalating ligands can be quanti-
tatively monitored by light scatter measurements. The result-
ing highly reproducible light scatter transition curves are typi-
cal of the cooperative processes, and the transitions occur at
different critical concentrations of the ligands depending upon
both the ligand itself and the primary structure (base and sug-
ar composition) and the secondary structure (single- or dou-
ble-stranded) of the nucleic acids. The mechanism of conden-
sation of nucleic acids by intercalating cationic ligands is dis-
cussed in light of the model of interactions occurring between
certain intercalators and single-stranded nucleic acids and
compared with the condensation induced by polyvalent "sim-
ple" cations such as Co3+ or spermine4+. The described phe-
nomenon can have an application in analytical and preparative
biochemistry for characterization of the primary and second-
ary structure of nucleic acids and for separation of the com-
pounds. The possibility that the condensation plays a role in
mutagenic and pharmacological effects of aromatic cations is
considered.

Interactions between aromatic intercalating cations and nu-
cleic acids at high binding density and high ligand concentra-
tion often result in precipitation of the product. Although
this phenomenon was observed before (reviewed in ref. 1),
conditions of the precipitate formation were not studied in
detail nor were attempts made to characterize the molecular
structure of the product. The precipitation was considered a
hindrance in the titration experiments and the titrations were
usually terminated at that point.

During the past several years we have studied interactions
between nucleic acids and such ligands as 3,6-bis(dimethyl-
amino)acridine (acridine orange, AO) or the antitumor drug
1 ,4-dihydroxy-5, 8-bis [[2- [(2-hydroxyethyl)amino]-
ethyl]amino]-9,10-anthracenedione (DHAQ)* under condi-
tions in which the products were insoluble in aqueous media
and underwent precipitation (1-6).

In the course of those experiments we observed that the
stage preceding precipitation-namely, the condensation
(collapse) of the polymer-can be conveniently and accu-
rately monitored by light scatter measurements (1, 3, 5).
These experiments were extended to different types of nu-
cleic acids and different ligands. The data revealed that the
light scatter increase was in proportion to the quantity of
nucleic acids and that the condensation occurred at different
concentrations of the ligands, depending on the primary and
secondary structure of the nucleic acid. This phenomenon is
of interest because (i) it may be used to analyze the structure
of nucleic acids and (ii) many of the intercalating ligands are

antitumor drugs, mutagens, or both and the condensation
may play a role in those effects. From the large library of the
transition curves obtained for various types of nucleic acids
and different ligands (antitumor drugs and fluorescent
probes of nucleic acids), several representative experiments
were chosen for this communication to describe the phenom-
enon and illustrate its potential for analytical purposes. More
detailed studies will be the subject of a separate publication.

MATERIALS AND METHODS
Nucleic Acids. Phage MS2 RNA and Escherichia coli

rRNA (16S and 23S) were obtained from Miles Laboratories,
OX174 double-stranded (ds) circular replicative form (RF)
DNA and 4X174 single-stranded (ss) circular DNA were
from Bethesda Research Laboratories, synthetic polynucle-
otides were from P-L Biochemicals, and calf thymus DNA
was from Sigma. Preparation of the stock solutions was de-
scribed before (4). Denatured DNA was prepared by heating
sonicated DNA (3) for 10 min in 0.1 M NaCl/5 mM Hepes,
pH 7.0, followed by rapid cooling to 0°C. Concentration of
nucleic acids in stock solutions was determined by UV light
absorption; the double-strandedness of homopolymer pairs
and alternating copolymers was confirmed by their hyper-
chromicity (>30%) and their typical thermal denaturation
curves (the same buffer, 1°C/min). The concentrations of
nucleic acid are expressed as moles of nucleotides per liter.

Ligands. Cobaltic hexammine chloride was obtained from
Eastman Kodak, DHAQ (Novatrone-HCl) from American
Cyanamid (Pearl River, NY) was kindly provided by Z. A.
Arlin, spermine 4HCl was from Sigma, and chromatographi-
cally purified AO was from Polysciences (Warrington, PA).
Concentrations of Co3+, DHAQ, and AO stock solution
were determined colorimetrically (2, 11, 27).

Buffers and Solutions. All buffers contained 5 mM Hepes,
pH 7.0, with addition of NaCl (0.01 or 0.15 M for the experi-
ment with Co3+ and spermine4+ or AO and DHAQ, respec-
tively) and 1 mM EDTA (optionally as described in the text).
The buffers were filtered through 0.45-,um-pore Millex Milli-
pore filters. In the experiment with AO and DHAQ, the final
solution contained 0.1% Triton X-100, a nonionic detergent
added to protect the colloid against rapid agglomeration.

Light Scattering Measurement. Aliquots containing 2 ml of
nucleic acid (0.2-10 ,uM) in the buffer were placed in a
quartz cuvette in the thermostatic holder (25 ± 0.1°C) of an
SLM 4800 spectrofluorimeter (SLM Instruments, Urbana,
IL). Light scattering was measured at 900 to the incident
light. Both monochromators were set to the same wave-
length (350 nm in the experiments with AO, spermine, and
DHAQ and 390 nm when Co31 was used); the bandwidths

Abbreviations: AO, acridine orange; DHAQ, 1,4-dihydroxy-5,8-
bis [[2- [(2-hydroxyethyl)amino]ethyl]aminol-9, 10-anthra-
cenedione; ds, double-stranded; ss, single-stranded.
*The abbreviation most common in the literature. Two trade names
(Novatrone and Mitoxantrone) and National Service Center num-
bers (NSC-279836 and NSC-301739) are also often used.

7368

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Biochemistry: Kapuscinski and Darzynkiewicz

were 4 nm. The sample and the blank (buffer only) were
treated with small volumes (5-10 /0) of the ligand (concen-
tration L) stock solution (0.1-10 AM); after the addition, the
contents of the cuvettes were gently mixed and incubated for
10 min [the time necessry to obtain a stable reading (6)], and
the light scattering was measured.
The results were corrected for the effect produced by the

ligand alone (blank) and expresed as I,/1o in which IO and I,
are the intensities of the light scattered by the sample before
and after addition of the ligand, respectively. The data were
then processed by computer (HP 9826) using a "cubic
spline" interpolating program and smoothed, and the first
derivative was taken and drawn by digital plotter (HP
7225A).

RESULTS
Titration of nucleic acids with the aromatic cations resulted
in an increase in light scatter (Fig. 1). The light scatter transi-
tion curves were typical of the cooperative process. The in-
crease in intensity of light scatter remained stoichiometric in
relation to the quantity of the polymer; the integrated area
(S) under the derivative curves [d(II/Io)/dL] correlated with
the concentration of nucleic acids in the solution. Thus,
when the appropriate calibration curves were made (e.g.,
such as in Fig. 1C for DHAQ) it was possible to estimate the
concentration of nucleic acids in solution on the basis of the
increase in light scatter during the titration.
The light scatter curves representing condensation of vari-

ous types of nucleic acids induced by AO are shown in Fig.
2. In experiments with synthetic homopolymers (Fig. 2A),
the concentration of all polymers was similar, yet the nucleic

A
l0o

5

"0 1 2 3
DHAQ, /iM

4 5 6

1.01

-I

0.5
, c

0.

30

B
11:

II :

11:
11:
11:
: 11

11 : 1.
11 .1 I'll

11 : %111
11 : I

50

AO, AM

FIG. 2. Derivative light scatter profiles representing condensa-
tion of nucleic acid during titration with AO. (A) Titration of homori-
bo (solid line) and homodeoxyribo (broken line) polymers. Maxima
from left to right represent poly(rA), poly(rC), poly(rG), poly(dA),
poly(rU), and poly(dU). All polymers were at 5 ± 1 MM. (B) Titra-
tion of RNA (broken line) and DNA (solid line) with AO. From left
to right the maxima represent rRNA (16S and 23S), MS2 RNA, ss
4X174 DNA, and ds 4X174 DNA. Nucleic acids were at 10 ± 1.5
AM. The profiles were normalized to 1 in A and B, except for ds
4X174 DNA. The latter remains in proportion to ss 4X174 to allow
for a comparison of the areas under the peaks. The area under the
larger peak (which can be related to ss 4X174 DNA) is approximate-
ly twice as large as that under the smallest peak (representing ds
DNA). (C) Titration of the mixture of ss 4X174 DNA (5.0 AM) and
ds t174 DNA (3.7 AM).
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acids condensed at distinctly different concentrations of lig-
and, depending on their primary structure.

In general, the condensation of homoribopolymers oc-
curred at lower ligand concentrations than the condensation
of their deoxyribo analogs [e.g., poly(rA) vs. poly(dA) or
poly(rU) vs. poly(dU)]. A similar relationship was observed
for other ribo vs. deoxyribo analog pairs as well as in the
case of titration with DHAQ (not shown).

5 6 Natural RNAs (rRNA, MS2 RNA) underwent condensa-
tion at lower AO concentrations than either ss or ds DNA

- (Fig. 2B). The latter, in turn, condensed at higher AO con-
centrations than ss DNA. The integrated area under the de-
rivative titration curve of ds DNA (Fig. 2B) was approxi-
mately half that of ss DNA measured at equimolar concen-
tration. This phenomenon has been confirmed in repeated
experiments with different types of ss and ds DNA (not
shown). Thus, when the denatured DNA was titrated, the
increase in light scatter intensity measured as S was approxi-

1.5 2.0 mately twice that of native DNA (per mole of nucleotide).
The data in Fig. 2 indicated that it was possible to identify
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Table 1. Critical free ligand concentrations of AO and DHAQ

CQ, tLM
Polymer AO DHAQ

ss
Poly(dC) 3.4 (b) 0.8
Poly(dA) 13.6 3.4
Poly(dI) 17.3 <0.1
Poly(dT) 23.3 2.1
Poly(dU) 23.7 1.5

ds
Poly(dA)poly(dU) 22.6 (b) 2.6
Poly(dA-dU)poly(dA-dU) 24.2 23.0
Poly(dA)-poly(dT) 29.3 (b) 3.2
Poly(dA-dT)-poly(dA-dT) 35.0 26.5
Poly(dI)-poly(dC) 14.7 (b) 2.7 (b)
Poly(dI-dC)poly(dI-dC) 42.2 39.5
Poly(dA-dC)poly(dG-dT) 50.5 40.9

Natural
Native calf thymus DNA 51.5 14.7
ds 4X174 DNA 49.8
Denatured calf thymus DNA 27.6 6.6
ss 4X174 DNA 24.6
MS2 RNA 13.8 3.7
rRNA (16S + 23S) 7.4 1.4

Polymers (5 ± 1 ,uM) were titrated at 25 ± 0.1C in buffer contain-
ing 0.15 M NaCl, 5 mM Hepes, 1 mM EDTA, and 0.1% Triton X-100
at pH 7.0. b, Broad transition.

in which Cm is the total concentration of the ligand at the
midpoint of the transition (the latter determined at the point
corresponding to one-half of the numerically integrated area
under the derivative curve) and Cb is the portion of the fig-
and bound at the midpoint. The value of Cb can be deter-
mined from known concentrations of the polymer (Cp) and
the stoichiometry of the ligand-polymer interaction. For ss
nucleic acids and AO (1) or DHAQ, Cb = 0.5 x Cp, whereas
for polymers with 100% ds structure for both ligands Cb =
0.58 x CP (6).

In numerous experiments we observed that Cc is indepen-
dent of the concentration of nucleic acids-e.g., for AO Cc
= 48.1 ± 3.0 ,uM, six measurements within the calf thymus
DNA concentration range 5-70 ,uM (6) and, therefore, can
be a useful parameter for polymer characterization. Table 1
lists Cc values for several ss and ds DNAs titrated with AO
or DHAQ. In experiments with ss DNA, the polymer con-
densed at distinctly different concentrations of the ligands,
depending on their primary structure, regardless of whether
AO or DHAQ was used.
The Cc values for ss deoxyribo polymers were lower than

for their ds forms. This was also true for the ribo polymers
(not shown) and for natural nucleic acids (Fig. 2B). The dif-

ference between ds and ss forms was of such degree that
titration of the mixtures of ss and ds forms of viral DNA with
AO (Fig. 2C) yielded two completely separated transition
curves. Similar results were obtained when mixtures of ther-
mally denatured and native calf thymus DNA were titrated
with AO or DHAQ (not shown).
An interesting selectivity was evident when deoxyribo

polymer pairs were compared with their alternating (purine-
pyrimidine) analogs (Table 1). All three alternating polymers
were characterized by severalfold higher Cc values in com-

parison with the corresponding homopolymer pairs when re-

acting with DHAQ. A similar phenomenon was seen in the
case of RNA polymers (not shown). Note that natural ds
DNA, which represents a mixture of both structures, had
intermediate Cc values (DHAQ, Table 1).

It is known that neutralization of the phosphate charge of
the nucleic acid, which can be achieved by addition of "sim-
ple" cations with a valency of 3 or higher (e.g., inorganic
cations), results in collapse of the polymer (7). It was of in-
terest, therefore, to compare the condensation of nucleic ac-

ids induced by those simple cations with the condensation
obtained by intercalating monovalent cations (Table 2). For
the simple cations (Co3", spermine4+), the Cc value in-
creased in the order native DNA, denatured DNA, RNA.
This order was reversed in the case of condensation induced
by AO or DHAQ. Another difference was the sensitivity of
the process to EDTA. Whereas 1 mM EDTA increased the
C, values for the simple cations severalfold, the increase was
lower than 40% in the case of AO or DHAQ (Table 2).

DISCUSSION
The experiments presented above demonstrate that nucleic
acids undergo condensation upon interaction with certain in-
tercalating (8) cations. The process can be monitored by light
scatter measurements. Two aspects of these findings, the
possible mechanisms of the phenomenon and its practical
application, require discussion.
The collapse (condensation) of DNA may be caused by

addition of various cations to dilute solutions of the polymer
(reviewed in refs. 7 and 9). The structure of the collapsed
DNA is not well characterized. Intramolecular segment-seg-
ment interactions, normally precluded by the strong repul-
sive forces of the charged phosphates of the backbone, may
become dominant in the compact state (10). In aqueous solu-
tions, cations with a valence of 3 or higher are required to
neutralize the charge and cause condensation. After charge
neutralization the collapse of DNA becomes a spontaneous
process (10). Condensation of ds DNA induced by Co3+,
spermidine3+, or spermine4+ results in toroidal or doughnut-
shaped forms, which retain the local B conformation (9, 11-
15). The increase in light scatter parallels the transition due
to the fact that there is an increase in form factor (transition

Table 2. Critical free ligand concentrations with AO, DHAQ, and simple cations

Cc., ,uM
AO DHAQ Co3+* Spermine4+*

Polymer a b a b c d c d

Native DNA 43.9 48.1 16.0 16.3 65 255 4.1 22.5
Denatured DNA 27.2 27.5 7.8 10.5 134 405 7.1 32.0
MS2 RNA 11.7 11.7 4.8 5.4 318 864 54.7 215
rRNA (16S + 23S) 8.3 8.3 2.7 1.4 320 874 40.8 150

Titrations of polymers (1-5 uM) were performed in buffers containing 5 mM Hepes, pH 7.0, and
different NaCI and EDTA concentrations as indicated, respectively: a, 0.15 M and 1 mM; b, 0.15 M
and 0; c, 10 mM and 1 mM; d, 10 mM and 0. Triton X-100 was present at 0.1% in the buffers in
experiments with AO and DHAQ; its presence has a minor effect (<30%) on the value of C, (not
shown).
*Because of high valency of Co3+ or spermine, the amount of the bound ligand (Cb) is relatively small
as compared to Cm. Therefore, no correction for Cb in calculation of C, has been made (C- Cm).
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from a Gaussian chain to a sphere) of the scatterers (12). The
transition is cooperative and can be reversed by mono- or
divalent cations (9, 11).
There are several differences between the condensation

induced by the simple multivalent (¢ +3) cations and the
condensation caused by the intercalating aromatic ligands,
suggesting that the molecular mechanisms of the phenome-
non are different. Thus, some intercalators (e.g., AO) are
monovalent cations. The simple mono- or divalent cations
(e.g., inorganic cations) neither induce DNA condensation
nor, as described presently, interfere with the condensation
caused by the intercalating ligands. Also, the sensitivity to
EDTA of the condensation induced by simple cationst is
much higher than the condensation induced by AO or
DHAQ, and the relative reactivities of native DNA, dena-
tured DNA, and RNA are reversed.
A model describing binding of the intercalating cations

was recently proposed by us (1, 4, 5); it explains both the
condensation of the product and specificity of the phenome-
non in relation to the ligand or polymer structure. According
to this model, the initial attachment of the ligand (nucleation)
is via insertion of the planar aromatic ring between the adja-
cent bases of the ss polymer. The cooperative process fol-
lows the nucleation. Namely, from the nucleation point the
binding progresses along the polymer molecule and "stacks"
of the alternating sequence ligand-base are thus formed.
Both electrostatic forces and forces involved in ligand-base
stacking (London-Van der Waals) take part in this binding
and a charge neutralization of the polymer leads to polymer
condensation. Hydrophobic properties and other nonionic
forces (10) may additionally contribute to polymer collapse.
The above model differs from the traditional dye-dye stack-
ing model (16) in which the stacks of the ligand are believed
to be electrostatically attached to the phosphates, on the
backbone side of the polymer (for further discussion see
refs. 1 and 4). According to our model the affinity of ligand
binding correlates with base composition because the base-
ligand interactions take place during both the nucleation and
cooperative processes. The structure of the sugar moiety
(ribo vs. deoxyribo) may also play a role-e.g., due to ef-
fects on the dynamic properties of the polymer (10, 17).

If the condensation of the polymer is a consequence of
binding as proposed by our model (1, 3-5), a correlation be-
tween the binding affinity of a particular ligand (related to
base or sugar composition) and polymer condensation would
be expected. Experiments, therefore, have been done to
compare the intrinsic (K,) and cooperative (Kc) association
constants of AO binding to various polymers, with critical
free ligand concentration (Cc) calculated from the light scat-
ter transition curves. A close relationship between Ki or KC
and the reciprocal of Cc is evident (Fig. 3), which supports
our interpretation of the condensation phenomenon. The de-
viation of the KC value for poly(rI) may be the result of the
tendency of this polymer to form poly-stranded structures
(2, 18).

Results from Table 1 indicate that, among the polymers
with the same sugar moiety, the ligand-base interactions
play a dominant role over the secondary structure of ss nu-
cleic acids (coil vs. helix conformation). If the latter predom-
inated, the relative reactivities of different ligands to the
same polymers would be similar, which is not the case.
Condensation of ds nucleic acids is similar in principle to

that of ss nucleic acids except that partial denaturation must
precede the condensationA Namely, the intercalating ligand

x4 C M

U
x

C0 10 20 30
x-X 1-4, M'1

FIG. 3. Relationship between intrinsic (Ki; +) or cooperative
(KC; o) association constants of AO (data from ref. 4) and the recip-
rocal of critical free AO concentration (Cc) in reactions with the ho-
moribopolymers: U, poly(rU); C, poly(rC); A, poly(rA); I, poly(rI).
A deviation in the KC value of poly(rI) may be due to the fact that
this polymer has a tendency to form multistranded structures, espe-
cially at high salt concentrations (2, 18).

may attach to the ss sections of the ds polymer (e.g., "loose"
ends or "breathing" regions) in a manner similar to that dis-
cussed above. Due to cooperativity, the reaction will expand
from the nucleation point, resulting in denaturation of the
adjacent sections. The thermodynamics of such binding and
biochemical evidence of DNA denaturation by the intercala-
tors were recently presented (1, 3-5). The data in support of
DNA denaturation by intercalating ligands were recently re-
viewed by us (6), and in this context some results of AO-
induced condensation of DNA were described. Because of
the denaturation step, which requires higher concentrations
of the ligand, Cc values of the ds forms are higher than those
of the ss forms.
The light scatter increase during titration of ds nucleic acid

is only one-half of that of ss nucleic acid (Fig. 2B). This dif-
ference, also observed with calf thymus DNA, may be due to
incomplete strand separation during the ligand-induced de-
naturation step (5). Namely, because the intensity of the
scattered light is proportional to the number of macromol-
ecules (20), at the same concentration of the polymer there
may be twice as many scatterers in a solution of ss or ther-
mally denatured nucleic acid compared with its ds form.

In contrast to the intercalating ligands, the simple cations
preferentially induce condensation of ds rather than ss nucle-
ic acids. The higher reactivity of the ds polymers can be ex-
plained by their higher axial charge density (21, 22) and ex-
clusively ionic polymer-ligand interaction.

Regardless of the exact nature of the interactions responsi-
ble for the condensation, the phenomenon has immediate
practical application. Thus, the light scatter changes occur-
ring as a result of ligand binding can be used to characterize
the primary and secondary structure of nucleic acids in solu-
tions. The values of Cc (for a given ligand) are different and
characteristic for different nucleic acids. The resolution of
this analytical method is high, which allows one in certain
situations to separate transitions in samples containing two
mixed nucleic acids of different primary or secondary struc-
ture (e.g., Fig. 2C). The method is quantitative, simple, rap-
id, versatile, and nondestructive for nucleic acids; the latter
can be fully recovered from the insoluble complexes (5). As
little as 0.1 jig of nucleic acid can be analyzed in a single
sample in a standard fluorimeter. It is possible to construct a
dedicated instrument in which the titration and light scatter
measurements, either in a static or a flow channel, can be
made automatic. This approach can also be applied for pre-
parative purposes. From mixture of nucleic acids in solu-
tions it is possible to separate those that undergo condensa-

7r

tThe effects of EDTA are most likely due to its chelating properties
(Co3+) and competitive ionic interactions (spermine4").
fThe same sequence of events (denaturation followed by condensa-
tion) can be also induced by low pH (19). The mechanism of the
process is not fully understood.
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tion at different Cc values; they can be removed simply by
either low-speed centrifugation or filtration (1, 5). The tech-
nique, therefore, may have wide application in analytical and
preparative biochemistry.
The ligands inducing condensation of nucleic acids that we

have studied exhibit antitumor and mutagenic properties (re-
viewed in refs. 23 and 24). The condensation effects can be
observed at the pharmacological range of their concentra-
tions (23, 25, 26). Thus, the possible role of this phenomenon
in antitumor or mutagenic properties of the intercalating cat-
ions should be considered.
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